Anecdotal reports have long indicated that oysters, Crassostrea virginica (Gmelin), in the Chesapeake Bay once grew in large 3-dimensional reef structures. However, hard evidence of widespread 3-dimensional oyster reefs in the Chesapeake Bay has been scarce. This study uses data collected from historic charts of the James River, one of the most productive oyster producing tributaries of the Chesapeake Bay, to examine the natural occurrence of these reefs as well as their destruction. An early series of charts from the 1870s clearly documents widespread emergent oyster reefs in the James River from Burwell's Bay to Newport News Point. They were long, fairly wide, and shoal-like and oriented at right angles to the current. A 1940s series of charts indicates that by this time nearly all of these reefs had become submerged. Paired t-tests indicate a significant decrease in reef height and volume but not in reef area. This suggests that oysters and shell have been physically removed from the reefs. This likely had a major impact on water circulation patterns over and around the reefs, which may also have further adversely affected oyster populations.
INTRODUCTION
The Chesapeake Bay, named Chesepiooc, the "great shellfish bay," by the Algonquin speaking Native Americans of the region, was once one of the most productive oyster (Crassostrea virginica) (Gmelin) producing estuaries in the world. With the advent of canning and the development of the railroad system, huge national and international markets were established for Chesapeake Bay oysters (United States Secretary of the Interior 1866, Wennerston 1981) . From 1894 to 1912 annual oyster harvests in Virginia alone ranged from 5-7.5 million bushels (Hargis & Haven 1988) . Shells from the harvested oysters were not replaced on oyster grounds but removed and sold for a variety of commercial purposes ranging from road projects to chicken feed. This tremendous, largely unregulated harvest of oysters and shells wreaked havoc on the number of living oysters and their habitat (Wennerston 1981 , Rothschild et al. 1994 .
Throughout the 20th century, despite decades of overharvest and disease, the James River, a southern tributary of the Chesapeake Bay, has remained one of the most important and productive oyster areas in Virginia (Haven et al. 1978) . This is mostly attributable to the water quality and hydrographic conditions of the river because circulation patterns in the Lower James trap and enhance residence time of oyster larvae in the river (Ruzecki & Hargis 1989) .
Oysters in the James River once grew on large reefs. Many of these reefs were 3-dimensional structures that breached the surface of the water at low tide (Marshall 1954 ) and provided habitat for a variety of organisms (Harding & Mann 1999) . The 3-dimensional structure of these reefs is believed to have favorably altered the environment for oysters by raising oysters off of the bottom into the upper water column. It is also believed that orientation coupled with the 3-dimensional reef structure increased water flow around the reefs, thereby decreasing sedimentation and increasing food availability (Grave 1905 , Moore 1907 , Masch & Espey 1967 , Lenihan 1999 .
In the 19th and 20th centuries the James River reefs were heavily harvested, greatly altering the size and structure of the reefs. This study documents the physical changes in the 3-dimensional oyster reef habitat of the James River from the 1870s to the 1940s. Historic hydrographic surveys were used to create and describe images of the bottom of the James River Estuary of 1871-1873 and 1940s. A series of paired t-tests were then performed to examine physical changes in the reefs.
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STUDY LOCATION
The James River is a partially-mixed estuary (Pritchard 1953 , Nichols 1972 ) in southeastern Virginia. The study area is that portion of the James from Deep Water Shoals to Newport News Point (Fig. 1 ). Salinity ranges from 2-18.5 ppt in this area (Stroup & Lynn 1963) .
MATERIALS AND METHODS
Two detailed nineteenth century bathymetric charts and eight detailed twentieth century bathymetric charts of the James River between Hog Island and Newport News Point were used for computer analysis. US Coast Survey charts H01179a and H01179b were in paper format and depicted bathymetric soundings made from 1871 to 1873, as well as the crests of many intertidal oyster reefs. US Coast Survey charts H06682, H06729, H07025, H07087, H07160, H0762, H07174, and H07641 were created during the period from 1941 to 1948 and existed in digital format.
The original 1870s charts were copied to Mylar and registered using ArcInfo, Geographic information system (GIS) software and a Numonics 2200 digitizing tablet. Approximately 30,000 depth soundings, coded to the nearest quarter foot, original shoreline, and mean low-water lines from the 1870s charts were digitized to create GIS data layers. All depths were referenced to mean low water. These data were then translated into a 3-dimensional triangulated irregular network (TIN) model using the ArcView 3D Analist.
Digital data soundings of the 1940s charts were supplied by the Chesapeake Bay Program and were combined with a shoreline created from modern (1970s) USGS topographic maps. A TIN model was created using the ArcView 3D Analist in the same manner as the 1870s surveys. The depths of this TIN model were adjusted for sea-level rise by subtracting 0.29 m from each sounding. This is equal to 70 years of sea level rise (1927 to 1993) at the 4.20 mm/y rate estimated by the National Ocean Service for the Hampton Roads tide station. A 2-m depth contour was then defined for this TIN model.
Visual inspection of the data with reference to oyster bottom data (Moore 1910 , Haven & Whitcomb 1983 indicated that the bases of many of the upthrusting oyster reefs in the study area were at a depth of 2 m. Based on this information, a 2-m contour was then created to define the outline or "footprint" of the reefs used for analysis in this study. Using the 1870s data, 20 upthrusting reefs were identified for comparison to the 1940s survey. Statistics for 2-dimensional surface area, volume, and maximum height were collected from the study reefs of both surveys. Paired t-tests were run on all of these parameters to compare the two data sets.
RESULTS
The surveys of the James River made in the 1870s show more than 2 dozen emergent oyster reefs from Burwell's Bay to Newport News Point. The 1940s surveys indicate that nearly all of the oyster reefs that were emergent in the James River in the 1870s had become completely submerged by the 1940s (Fig. 2) . Only three small areas of reef remain emergent in these later surveys.
A significant decrease (P > 0.01) was found in the reef heights (Table 1, Table 2 , Fig. 3) . A significant decrease (P > 0.01) was also found between reef volumes in the 1870s and 1940s surveys. No significant difference was found between 1870s or 1940s surveys for 2-dimensional reef area (Table 1, Table 2 ).
DISCUSSION
This study provides quantitative evidence of the decline of the James River oyster reef system. We selected and examined 20 individual major upthrusting oyster reefs in the James River to provide a quantitative overview of the change in the reef system. We also incorporated some of the most recent estimations of sealevel rise rates to provide the greatest accuracy possible in quantitative reef calculations.
The data generated from the 1870s surveys indicate that most of the upthrusting reefs are quite large, with the largest, Long Shoal Reef, stretching for 3 km (Fig. 4 Mariners Museum of Virginia). Reef bases were relatively wide such that these reefs were shoal-like in their structure. The reefs were located in relatively shallow water with depths of the reef bases generally around 2 m. Most upthrusting reefs were oriented perpendicularly to the main current flow.
By the 1940s only remnants of these reefs remained. The bases of the original reefs can still be discerned by their relief from the surrounding bottom however, the reefs have been reduced in height by an average of 0.47 m. Large gaps can be seen in Long Shoal Reef where portions of the reef were entirely removed. On average, nearly 18,000 cubic meters of oyster and shell had been removed from each of the reefs studied. Because oysters on these natural reefs grew in formations and densities much different from those on present-day reefs, it is impossible to calculate the total number of animals that may have been removed from any given reef.
Changes in volume may be attributed to either active removal of animals and shell or the slumping of the reef from the redistribution of "worked" reef material. If the change in volume were the result of slumping, then there would be an expected widening of the dimensional area as indicated by base measurements. The analysis does not show an increase in base width, thereby supporting the conclusion that change in reef volume from the 1870s to the 1940s may be attributed to harvesting actions. 
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